Ontologies are gaining popularity in many domains as a way of representing, dealing and reasoning with large volumes of information, and they are starting to play a major role in computational science applications, e.g. in biomedical studies. The creation and maintenance of ontologies has become an engineering process that needs to be managed and measured. Therefore, as part of any ontology engineering processes, metrics can play a role helping in identifying possible problems or incorrect use of ontology elements. However, empirical studies that measure existing ontologies and set standard values are required for metrics to be effectively used. This paper reports a preliminary exploration of ontology metrics from a large set of ontologies extracted from the Open Biomedical Ontologies (OBO) repository. In this paper, we also present an ontology metrics tool, called Ontometrics, used to collect the set of metrics presented. Results show that such metrics can help identifying peculiarities of the ontologies that could be used as the basis for future ontology metric evaluation studies.
Introduction
Ontologies [4] are explicit representations of domain concepts and their relationships. More formally, an ontology defines the vocabulary of a problem domain and a set of constraints on how terms can be combined to model the domain, using a formal language. Like in the software engineering domain, generally the construction of ontologies follows an iterative and incremental approach and a number of metrics has been proposed to measure different quality criteria such as reliability, reusability, cohesion, etc. (see for example [5] ). However, unlike in the software engineering and other domain, there is a lack of empirical studies that validate how the different metrics are capable of judging quality properties and their interpretation.
This lack of understanding of the proposed metrics calls for studies that explore and characterize the different measurable aspects of existing ontologies that are considered to have some degree of maturity. The results of these studies could then be used to propose interpretations for the metrics that can be subject to hypothesis contrast and eventually lead to a practical applicability of these metrics that relies on a reliable base of empirical studies and contrasts.
This paper reports on an initial exploratory study on measuring a set of ontologies published in the Open Biomedical Ontologies (OBO) repository a [7] which are collected using a common topical criteria and maintained with a coherent set of tools. The study has been carried out by implementing and using an open source software framework for computing ontology metrics expressed in the Ontology Web Language (OWL) [3] . OWL has been chosen as the language is a W3C recommendation and it is a common and widespread language for expressing formal ontologies. The ontologies in OBO have been downloaded in OWL format and a limited number of existing ontology metrics proposed were computed. The overall figures found are reported, along with an exploratory study on potential categories of ontologies with diverging characteristics for which different metric interpretation or different quality criteria could be appropriate.
The rest of the paper is structured as follows. Section 2 covers the background on ontology metrics followed by a short description of the framework used in Section 3. Next, Section 4 describes the metrics analyses performed. Finally, Section 4 concludes the paper and outlines future work.
Background and overview
Although ontologies have been a resource in the field of artificial intelligence since mid 1970's, from the inception of the Semantic Web, in which ontologies are the principal recourse to integrate and deal with online information, a new set of standards to represent has been proposed. The Ontology Web Language (OWL) [3] is one of such standards that belongs to a family of knowledge representation languages created for the Semantic Web. The OWL has reached the status of W3C b (World Wide Web Consortium) recommendation. From a technical point of view OWL extends the RDF (Resource Description Framework) and RDF-S (RDF Schema) languages allowing us to integrate a variety of applications using XML as interchange syntax. There are three OWL flavours, OWL Lite, OWL DL (Description Logics) and OWL Full, being the OWL depending on the expressiveness and reasoning capabilities provided.
In a nutshell, OWL ontologies are composed of (i) classes that can be nested as sets of individuals, (ii) individuals as instances of classes, i.e., objects of the domain and (iii) properties as binary relations between individuals. It is also possible to specify property domains, cardinality ranges and reasoning on ontologies. From these basic elements a number of authors have proposed metrics to measure the quality of ontologies.
For example, Yao et al [1] proposed a set on metrics to measure the cohesion in ontologies such as the number of root classes, number of leaf classes and average depth of inheritance tree of all leaf nodes. Authors validated the metrics both theoretically and empirically. However, their empirical validation consisted of comparing statistically the results of the metrics and subjective evaluation of eighteen evaluators.
Tatir et al. [2] propose three orthogonal dimensions to evaluate the quality of an ontology. The first dimension is the quality of the ontology schema representing the real world. The second dimension evaluates the content of the ontology, i.e, how well populated is the ontology and if it reflects the real world. Finally, the third dimension evaluates if the set of instances and relations agree with the schema. Schema metrics proposed by the authors include relationship, attribute and inheritance richness. Instance metrics are divided into (i) knowledge base metrics such as class richness, average population and cohesion and (ii) class metrics which include importance, fullness, inheritance richness, relationship richness connectivity and readability. Authors analysed two general purpose ontologies SWETO and TAP as well as the GlycO (Glycomics Ontology) ontology.
From the set of metrics proposed in the literature, a subset has been selected as a first target. In particular in the OntoMetrics framework reported in this work, the following metrics have been considered for the development of the present exploratory study:
No. of Classes (noc) is a simple count of the number of classes contained in the ontology. No. of Instances (noi) is a simple count of the number of instances contained in the ontology. No. of Properties (nop) is a simple count of the number of properties contained in the ontology. Number of Root Classes metric (norc) [1] corresponds to the number of root classes (those without superclasses) explicitly defined. The range of this metric is from 1 to ∞. There is at least one root and the larger the number of root classes, the more diverse the ontology will be. Number of Leaf Classes metric (nolc) is the sum of all leaf classes, i.e., those without subclasses, in an ontology. As a root class without inheritance can also be considered a leaf class, and the range of this metric is from 1 to ∞. Average Population metric (ap) [2] measures the average distribution of instances across all classes. Formally, it is defined as:
where I represent the instances and C represent the classes. According the authors, this metric is supposed to be used in conjunction with the Class Richness metric as an indication if there is enough information in the ontology. Class Richness metric (cr) is the ratio between the number of classes that have instances divided by the total number of classes. Formally, CR is defined as:
where C´ is the number of classes with instances (used in the ontology) and C is the total number of classes defined in the ontology. This metric provides an indication of how many instances are really related to classes defined in the schema.
Explicit Depth of Subsumption Hierarchy (dosh)
Relationship Richness metric (RR) [2] is defined as the ratio of the number of relationships defined in the schema divided by the sum of the number of subclasses.
p sc p RR
where p is the number of relationships and sc is the number of subclasses, which is equivalent to the number of inheritance relationships plus the number of relationships) [2] . This metric reflects the diversity of relations and placement of relations in the ontology. An ontology that contains many relations other than class-subclass relations (values close to 1) is richer than a taxonomy with only class-subclass relationships (values close to zero). Inheritance Richness metric (ir) [2] defined as the average number of subclasses per class. Formally, IRM is defined as:
where the dividend is the sum of the number of subclasses (C 1 . -one level) for a class C i which is defined as H c (C 1 , C i ). The divisor (C) is the total number of classes in the ontology. According to the authors, this metric represents the distribution of information across different levels of the ontology's inheritance tree and serves as an indicator of how well knowledge is grouped into different categories and subcategories in the ontology. Values close to zero indicate flat or horizontal ontologies representing perhaps more general knowledge while large values represent vertical ontologies describing detailed knowledge of a domain. Table 1 summarizes the main metrics reported on the literature, classified by the kind of elements considered. 
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Data collection using the OntoMetrics framework
In order to collect the metrics from the OWL files and the OBO repository, the OntoMetrics framework c has been developed. The OntoMetrics is an open source Java implementation that makes use the Java libraries of Protégé d an ontology editor that provides an application programmer's interface (API) for loading, saving and manipulating OWL and RDF files. The metrics computed were extracted from the text of the OWL files, with no associated reasoning process. This entails that the metrics do not consider elements that would be potentially inferred from reasoners, e.g. automatic classifications or subsumption relationships that are not explicit. While this may seem a major limitation, the fact that most of current ontologies in the biomedical domain do not contain axioms or defined classes (classes expressed through logical necessary and sufficient conditions) suggests that explicit elements are enough for the empirical assessment of metrics in the current state of development of ontologies.
The implementation of the metrics has in some cases be made through approximation or simplification of the original metric formulae. Only elements explicitly declared in the ontology were considered as ontology elements can also be created from reasoning or inference. The general case of OBO ontologies is that they are not equipped with these mechanisms so that aspect was discarded. Then, in the case of number of classes and number of root and leaf classes, named classes were gathered through the OWLModel.getUserDefinedOWLNamedClasses() method. Instances are counted through OWLModel method getUserDefinedRDFIndividuals()and properties through getUserDefinedOWLProperties(). Average population and class richness uses the previous metrics to relate number of classes to number of instances. Depth of subsumption hierarchy and inheritance richness is computed recursively via the OWLClass.getSubclasses() method, for the latter traversing all the list of declared classes. The same operation is combined with OWLClass.getAssociatedProperties() to compute relationship richness.
Appendix A provides the raw data obtained from the OWL files described in the OBO Foundry repository.
Analysis of ontologies in OBO Foundry repository
As stated previously, in this work we have used a limited set of ontologies from the OBO Foundry repository. The OBO Foundry is a collaborative project that aims to both establish principles for ontology development and to create ontologies in the biomedical domain. The site also provides relevant literature, mappings between different ontologies and specialised tools for such domain. Currently, the repository is composed of around one hundred ontologies mainly using the OBO format used by the OB-OEdit tool e , but most ontologies are also translated into alternative formats including the OWL, which is also made available openly for download. The following three ontologies NIF_Cell.owl, NIF_Dysfunction.owl and relationship.owl were discarded as the ontology metrics software was not able to compute all the metric set for them.
c Available at http://sourceforge.net/projects/ontometrics/ Table 2 provides basic descriptive statistics for the set of 75 ontologies studied. From the figures in the Table, we can conclude that biomedical ontologies are relatively large ones when considering their t-boxes, with an average of more than 3000 explicitly declared ones. However, there are some that are much smaller. These variables do not follow the normal distribution as it is apparent from the skewness and kurtosis measures.
Next step in the exploratory study is contrasting correlations among variables. Table 3 shows the Spearman rank correlation coefficient between each pair of variables with a range between -1 and +1 as well as the p-value of its statistical significance. Those p-values below 0.05 are represented with a -•-and indicate statistically significant non-zero correlations at the 95% confidence level. More relevant, however, is that for the OBO repository there is a couple of pairs that are very positively correlated (marked with-••‖): (i) noi (no. of instances) and ap (average population), and (ii) noc (number of classes) and nolc (number of leaf classes). This suggests that ontologies are in general quite flat and most classes contain single instances.
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Figure 1 Correlations
We next performed outlier detection analysis for each variable. To do so, the Studentized values measure how many standard deviations each value is from the mean and a few ontologies were consistently classified as outliers. These were the NCI Thesaurus (ncithesaurus.owl) and the disease_ontology.owl. Both are extremely large ontologies (140MB and 150Mbytes respectively). For example, using the ap (average population) variable, the most extreme value corresponds to the NCI thesaurus which is 7.48 standard deviations from the mean. A closer look into these ontologies reveals that these are special ontologies. The NCI thesaurus [8] is used to define a vocabulary of the cancer domain and related diseases, and not a formal ontology in an strict sense. The second one also defines a vocabulary of human diseases based on previous thesauri and terminologies. These can therefore be considered special ontologies that deserve separate examination. 5. The relationship between the rest of the metrics were contrasted using factor analysis. Table 4shows the resulting factor loadings using principal component analysis as an extraction method with 3 components were extracted. The first component is characterized by high values in dosh and ir, that roughly measure depth and breadth of the subsumption hierarchy. Not surprisingly, this component is negatively correlated with norc, i.e. these ontologies tend to have fewer roots of hierarchy trees. The second component is characterized by a high correlation with the number of classes and properties and also with relationship richness that relates both of them. The third component is correlated with the number of instances.
Conclusions and future work
Assessing the validity of ontology metrics is challenging as of today. This paper addressed such a problem presenting a ontology metrics framework, OntoMetrics, and a preliminary evaluation of a set of well established ontologies from the OBO foundry repository. Although it is difficult to establish concrete thresholds to define when an ontology needs to be improved, such metrics can help identifying problems in ontologies or uses of ontologies for special purposes (e.g., as a thesaurus). Therefore, metrics can be used in conjunction with domain knowledge as part of an ontology engineering process. The analysis done has pointed out to relationships between groups of metrics that can be used to devise new combined metrics characterizing different kinds of ontologies.
Future work will be directed to further develop our metrics framework with new metrics and further analysis of the metrics. We intend to perform comparisons between mature and not so mature ontologies to further validate how metrics can be used to evolve and improve ontologies. This can be done for example, using raking metrics such as those defined by Ho et al. [6] and inter-ontology metrics. 
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